Aims Growth and reproductive strategies of plants are often related to particular, although usually poorly characterized, spatial distributions of shoots within the plant's architecture. In this study it is therefore hypothesized that a close relationship exists between architectural position, axis morphology (length, diameter, leaf area), and functional behaviour (branching, flowering and fruiting). The study focused on the architectural position of mango growth units, defined here as being the relative position, apical or lateral, on the parent growth unit, i.e. growing from the apical or a lateral meristem, respectively. † Methods Stem length and leaf characteristics (area, dry weight) were measured on apical and lateral growth units of four mango cultivars over two years. Branching, flowering and fruiting were assessed for both growth unit types using an exhaustive description of tree vegetative and reproductive growth over two years. The relationships between growth unit diameter and flowering and fruiting were assessed for one of the four cultivars. † Key Results A pronounced morphological dimorphism was observed for the four cultivars. Across cultivars, stem length was significantly 1 . 31 -1 . 34 times longer and total leaf area was 2 . 54-3 . 47 times larger in apical compared to lateral growth units. Apical growth units tended to branch, flower and fruit more than lateral growth units. The relationship between growth unit diameter and flowering rate was quadratic and dependent on growth unit position. The relationship between growth unit diameter and fruiting rate was linear and independent of growth unit position. † Conclusions Morphological traits of mango growth units were clearly involved in the determinism of flowering and fruiting, although in different ways. The results, however, showed that current hypotheses of flowering, such as carbohydrate availability and florigenic promoters, are not sufficient in themselves if they neglect the hierarchical relationships between axes, i.e. their relative position, apical or lateral.
INTRODUCTION
Growth and reproductive strategies of plants are often connected to the morphology of axes and to their position within the plant architecture. The coexistence of axes with different morphological characteristics, hereafter referred to as axis polymorphism, is frequent and plays a role in plant life strategies (Hallé et al., 1978; Suzuki, 2000; Hasegawa and Takeda, 2001; Remphrey et al., 2002; Kawamura and Takeda, 2006) . Axis polymorphism results from contrasting meristem expression and activity (Hallé et al., 1978) . It is mainly related to axis orientation (vertical or orthotropy vs. horizontal or plagiotropy) or axis length (short axis vs. long axis) (Bell, 1991; Barthélémy and Caraglio, 2007) .
In most species, axis polymorphism is a main determinant of plant architectural organization. In particular, differentiation of axis size may affect several variables related to the stem (length, diameter, dry mass), to the leaves (area, dry mass) or both. As an element of plant life strategy, axis polymorphism can express the adaptive behaviour of plants faced with evolutionary constraints. For example, in dioecious species, different reproductive costs between plants that behave as males or as females may lead to dimorphism in secondary sexual characteristics such as leaf area, internode size, the form of the canopy (Bond and Midgley, 1988; Kohorn, 1994) , and in primary and secondary growth characteristics (Verdú et al., 2007) . Another example is the case of species living in a seasonal climate. Axis dimorphism (i.e. two morphologically distinct kinds of axes) appear in the Mediterranean Cistus incanus subsp. incanus as the result of the seasonal adaptation of axis morphology to the prevailing climatic conditions during the plant's growth: short axes with few, densely packed, small leaves when grown in summer, and long axes with many, large leaves when grown in winter and spring (Aronne and De Micco, 2001) .
Axis polymorphism does not concern only axis morphology but axis functioning as well, and especially reproductive traits. Long and short axes are specialized in environmental exploration and exploitation, respectively (Bell, 1991) . A main difference concerns flowering and fruiting: short axes generally bear flowers and fruit, and long axes are mainly vegetative (Bell, 1991) . This phenomenon has been described and studied in * For correspondence. E-mail normand@cirad.fr † Present address: Département de Mathématiques, Université de Versailles Saint-Quentin en Yvelines, 45 avenue des Etats-Unis, 78035 Versailles Cedex, France some temperate fruit tree species such as apple (Malus domestica: Johnson and Lakso, 1986; Wünsche et al., 1996; Wünsche and Lakso, 2000; Lauri and Kelner, 2001 ) and cherry (Prunus avium: Lauri, 1992) , as well as in temperate forest tree species (Hasegawa and Takeda, 2001; Remphrey et al., 2002; Kawamura and Takeda, 2006) . The location of the different kinds of axes within the canopy layers has been characterized for some species (Hasegawa and Takeda, 2001; Remphrey et al., 2002; Kawamura and Takeda, 2006) ; however, only a few studies have dealt with their topological location within the tree architecture (Suzuki, 2000) .
Rather than the axis length itself, the predominance of stem components over the foliar components, referred to as axialization, determines the vegetative status of the axes in apple, cherry and some tropical species (Lauri and Térouanne, 1991; Lauri, 1992; Lauri and Kelner, 2001 ). The higher the axialization is, the more vegetative the axis will be. In contrast, the lower the axialization is, the more floriferous the axis will be. This characteristic evolves during the plant's life. As shown in the case of invasive bramble (Rubus alceifolius), axialization is low during the first stages of growth, leading to the rapid autotrophy of the plant, whereas it is high at the adult stage when the plant explores the environment (Baret et al., 2003) . In cherry, the axialization progressively decreases as the tree ages, in parallel with the reduction of axis length and the development of flowering on the axes (Lauri, 1992) .
Nonetheless, the effects of morphological dimorphism on functional traits other than flowering and fruiting have been poorly investigated. In particular, branching is a point of interest. If branching processes differ between dimorphic axes, the tree architecture and form may be affected by the number and the position of each kind of axis.
The identification, characterization and location of morphologically and functionally different axes are of major importance in fruit tree species. This knowledge provides insights for a better understanding of the determinants of flowering and fruiting, and leads to practical recommendations for tree management in order to optimize fruit production and/or quality (Wünsche et al., 1996; Wünsche and Lakso, 2000; Lauri and Laurens, 2005; Stephan et al., 2007) . Although this knowledge has been developed over more than a century for temperate fruit trees, data are lacking for tropical fruit species. Goguey (1997) contributed to this topic with an architectural analysis of mango seedling trees. He identified the respective roles of the architectural units belonging to the Scarrone model, with orthotropic axes, rhythmic branching and terminal flowering (Hallé et al., 1978) , and reiteration characterized by a delayed growth of buds within the existing tree architecture.
The present study focuses on the growth unit (GU), an elementary component of the axes forming the architectural unit. We have characterized two architecturally contrasted GUs (Hallé et al., 1978) , the apical and the lateral GUs of four mango (Mangifera indica) cultivars, both morphologically (stem length, leaf mass and area) and functionally (branching, flowering and fruiting). We hypothesized that apical GUs will have larger stem and leaf area and, consequently, will be more likely to flower, fruit and branch. This hypothesis was based on the suggested positive role of carbohydrate availability for flowering and fruiting in mango (Suryanarayana, 1978; Pandey, 1988; Chacko, 1991; Davenport and Nuñez-Elisea, 1997 ); a larger leaf area and stem implies larger carbohydrate synthesis and storage, respectively. The hypothesis rested on two implicit assumptions. First, no trade-off occurs among functions (vegetative growth and reproduction) at the GU level. Second, apical and lateral GUs are not functionally differentiated; they branch, flower and fruit in an equivalent manner, depending only on resource allocation to individual GUs. These assumptions diverged from the knowledge available on the functional differentiation of axes (e.g. Bell, 1991; Hasegawa and Takeda, 2001; Kawamura and Takeda, 2006) , but formed a null hypothesis in the case of mango, for which no data was available on the morphology and functional differentiation of GUs. We addressed the following questions. (1) Do apical and lateral GUs of mango have different morphological traits? (2) Are these differences cultivar-dependent? (3) Are these differences related to contrasted flowering, fruiting and branching behaviours of apical and lateral GUs?
MATERIALS AND METHODS

Field site and plant material
The experimental orchard in which the study was conducted was located in a research station of the French Agricultural Research Centre for International Development (CIRAD) in Saint-Pierre, Reunion Island (20852 0 S, 55831 0 E) at 280 m a.s.l. An automatic weather station located close to the orchard recorded climatic data. Trees of eight mango (Mangifera indica) cultivars grafted onto the same polyembryonic rootstock, 'Maison Rouge', were planted in May 2001, about 8 months after grafting. The homogeneity of the nucellar rootstock seedlings was visually assessed at the nursery stage. The orchard was flat and the soil homogenous, but for ease of care among cultivars, planting was designed as plots of seven aligned trees per cultivar, repeated in two blocks, yielding 14 trees per cultivar. Tree spacing was 6 Â 4 m, wide enough to avoid interactions between canopies during the study. Trees of a cultivar were therefore genetically similar, and environmental differences between them were minimal. Trees were drip-irrigated. Cultural practices were those recommended by local extension services. Trees were not pruned after planting to enable the natural development of the canopy. The first crop was harvested at the beginning of 2004, two and a half years after planting.
Four of these cultivars, 'Cogshall', 'Irwin', 'José' and 'Kensington Pride', were chosen for the study on the basis of their diverse origin, tree size, growth and flowering habits. 'José' is an Indian-type mango selected in the middle of the 19th century in Reunion Island and is the main cultivar grown locally (Vincenot, 2004) ; it is a medium-sized tree with an open canopy. 'Cogshall' was selected in Florida (Campbell, 1992) and is grown locally for export; it is a medium-sized tree with a dense, compact canopy. 'Irwin' was selected in Florida; it is a small-to-medium-sized tree with an open canopy (Campbell, 1992; Knight, 1997) . 'Kensington Pride' is a commercial cultivar selected and grown in Australia; it is a large, vigorous tree with a dense spreading canopy (Knight, 1997) . 'Cogshall' and 'Irwin' tend to be regular bearers, whereas 'Kensington Pride' and especially 'José' exhibit alternate bearing.
At the study site, mango trees flower from August to October and the harvest extends from the end of December to March (Fig. 1) . Vegetative growth begins slowly with flowering, continues during fruit growth, and flushes after harvest during the hot and rainy season, until May. About half of the vegetative growth occurs after harvest. The vegetative resting period separating two growing seasons, each of which includes the reproductive stages and vegetative growth, occurs from June to July, just before flowering of the next growing season. Morphological measurements were performed during the vegetative resting period, after the last GUs had matured and leaves were completely expanded.
Mango trees have rhythmic and mainly sequential growth (Hallé et al., 1978) . A resting period of a few weeks to a few months occurs between the end of the GU extension and the burst of its apical and possibly lateral buds to give new GUs. During the growing season, a terminal GU produces one-to-several GUs, among which can be distinguished an apical GU stemming from the apical bud if present, and none-to-several lateral GUs stemming from lateral buds. These GUs can themselves grow and branch similarly during the same growing season and produce successive growth levels constituting a current-year branch complex. Each generation of GUs during a growing season will hereafter be referred to as a growth level (Fig. 2) . By definition, a growth level includes the GUs located at the same distance, expressed in number of GUs, from the terminal GU of the previous growing season. For a given growth level G (G ¼ 1, 2 , . . . ), the corresponding initial growth level G-1 is the preceding growth level at which GUs grew and branched to produce the growth level G. The initial growth level 0 thus corresponds to the terminal GUs of the previous growing season that resulted in the first growth level of the current annual growth (Fig. 2) . Inflorescences appear apically on terminal GUs in mango. Consequently, GUs that have already flowered can only produce lateral GUs at the first growth level.
A mango inflorescence is composed of hundreds of individual flowers that open successively for a period of about 2 weeks. They are pollinated by insects, in particular flies of several genera and bees. Because of the number of flowers per inflorescence, it is a time-consuming job to calculate a fruit-set rate as the ratio of the number of fruit to the number of flowers per GU. Moreover, natural fruit drop occurs during the month following fruit set. Consequently, and because the individual unit in this work was the GU, we considered that a GU flowered or fruited if it bore at least one inflorescence or if it bore at least one fruit until harvest, respectively.
Effect of GU position on its morphology
The effect of GU position on its morphology was investigated in June 2004 and June 2006 on ten to 15 currentyear branches randomly sampled each year on three to five trees per cultivar. These branches were composed of one to 16 GUs arranged in successive (1 to 4) growth levels. The position (apical vs. lateral) of the basal GU of each branch was recorded before sampling. Each GU of these branches was Table 1 .
Stem length was measured from the base to the apical bud of the GU stem. The leaves were counted, and individual leaf area was measured with a planimeter (AM200, ADC BioScientific Ltd., Hoddesdon, UK). The leaf area of a GU was the sum of the individual areas of its leaves. The leaves of each GU were then oven-dried at 80 8C for 72 h and weighed. Because of secondary growth in diameter on GUs of branches composed of several growth levels, stem diameter and dry weight were not relevant variables. Thus, it was not possible to calculate the axialization index as the ratio of stem dry weight to leaf dry weight at the end of primary growth (Lauri and Kelner, 2001 ) for each GU. To overcome this problem, we approximated the axialization index as the ratio of stem length to leaf dry weight, expressed in mm g
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. This value is the inverse of the linear density of leaf dry weight along the stem and is an indicator of the balance between the stem and leaf components of the GU, independent of the stem secondary growth.
Effect of GU position on branching, flowering and fruiting
The effect of GU position on branching, flowering and fruiting was investigated non-destructively using a dataset resulting from an exhaustive topological description of GUs, 
Effect of GU position and diameter on flowering and fruiting
In the studies detailed above, morphology and functioning (branching, flowering and fruiting) of apical and lateral GUs were measured and analysed separately on different trees in the same orchard. Therefore, the interpretation of the relationships between morphology and functioning was based on the average behaviour of apical and lateral GUs for each cultivar. To further analyse the relationship between morphology and functioning and, in particular, to determine whether or not the different flowering and fruiting behaviours of apical and lateral GUs were related to their respective size according to our hypothesis, we carried out an additional study in the orchard, on the cultivar 'Cogshall' only. The objective was to establish the relationship between the diameter of the GU stem and flowering and fruiting for apical and lateral GUs. GU diameter is allometrically related to leaf mass and area of the GU (Normand et al., 2008) and is therefore an easy and non-destructive estimator of GU morphology. 
Data analysis
Statistical analyses were performed using R software (R Development Core Team, 2006) . Morphological data were subjected to a full model of analysis of variance (GU position Â cultivar Â year). This was possible since the two years could be considered independent because they were not consecutive, and because of the random sampling of branches each year on several trees. The year effect might reflect tree ageing and environmental influences. Although the objective of the study was not to compare GU morphology between cultivars, the cultivar factor was integrated into the model to evaluate the contribution of each factor to explaining the variability of GU morphology.
The effect of GU position on branching, flowering and fruiting was analysed for each year and cultivar with generalized linear models (GLMs). The full model analysis was not performed as previously described: in the second study, years were not independent since the GUs recorded in the second year were the descendants of the GUs recorded in the first year. The cultivar effect could be related to genetic and to uncontrolled endogenous factors (e.g. phenology, previous yield) whose discussion was not the subject of this work. Branching was described by two variables: the occurrence of vegetative growth (P vg ), i.e. the occurrence of a terminal GU to produce at least one new GU, apical or lateral, during a growing season; and branching density (D br ), i.e. the number of lateral GUs stemming from a GU where vegetative growth occurred. D br was estimated separately for GUs bearing or not bearing an apical GU in order to account for apical dominance. The total number of GUs stemming from a GU that branched was therefore D br þ 1 if an apical GU was present, and D br otherwise. Moreover, P vg and D br were estimated and analysed for each growth level to account for possible contrasting branching behaviours between growth levels. Growth units produced later had less time to grow again during the growing season, and we thus expected that P vg would decrease as the growth levels increased.
GLMs were estimated assuming that the occurrence of vegetative growth (P vg ), flowering (P flo ), and fruiting (P fru ) of a GU followed binomial distributions (Venables and Ripley, 2002) . Preliminary analysis of D br suggested an overdispersed Poisson distribution for this parameter, i.e. with variance larger than mean. GLMs were therefore estimated for this parameter with a Poisson distribution and a dispersion parameter larger than 1 to account for over-dispersion (Venables and Ripley, 2002) . GLMs were not estimated in the case of very unbalanced samples or when sample size was lower than five GUs for at least one factor level. Estimates of P vg , P flo , P fru and D br for apical and lateral GUs and their 95 % confidence interval were calculated from GLMs by Monte Carlo sampling (n ¼ 100 samples of two-thirds of the considered GU's population), followed by jackknifing (Efron, 1982) .
Data from the third study, on cultivar 'Cogshall' only, were analysed according to Lauri and Trottier (2004) . The GU basal diameter was measured with a digital calliper to the nearest 0 . 1 mm. Consequently, we had classes of GU diameter with a 0 . 1 mm span, which contained one-to-several GUs, each characterized by the occurrence of flowering and fruiting, and by the number of fruit (for those that bore fruit). For the analyses, only classes with five or more GUs were considered in order to study flowering, and with five or more GUs that flowered in order to study fruiting. In order to have a large sample size, the classes with four or more GUs bearing fruit were considered to study the mean number of fruit per GU. For each class of diameter, the flowering rate was calculated as the relative frequency of terminal GUs that flowered (number of GUs that flowered/total number of GUs), the fruiting rate was calculated as the relative frequency of terminal GUs that flowered and bore at least one fruit until harvest (number of GUs that bore at least one fruit/number of GUs that flowered), and the mean number of fruit per GU was calculated for GUs that bore fruit. The relationships between flowering rate, fruiting rate and mean number of fruit per GU, on the one hand, and GU diameter, on the other hand, were compared for apical and lateral GUs. A quadratic adjustment was made to the relationships between the flowering rate and the GU diameter. A comparison of maximum location (i.e. GU diameter at maximum flowering rate) and maximum value (i.e., maximum flowering rate) between curves of apical and lateral GUs was tested. To compare maximum location between curves, a deviance F-test between embedded models was set up, defining the model with constraint of maximum located at the same place as the submodel. For comparison of maximum values, the standard error of the difference was calculated based on the covariance matrix of the model parameters, and a Z-test was then used. Linear adjustments were made to the relationships between the fruiting rate and the GU diameter, and between the mean number of fruit per GU and the GU diameter. To compare slopes and intercepts for apical and lateral GUs, an F-test between three embedded models (different slopes and intercepts, common slope and different intercepts, common slope and intercept) was set up. The effects of GU position on fruiting rate, GU diameter and mean number of fruit per GU were tested with one-way analysis of variance.
RESULTS
Effect of GU position on its morphology
Except for stem length, the GU position was the main factor explaining the variability of GU morphology, well ahead of the cultivar factor (Table 1) . These two factors were highly significant for all variables. Year was the less-explanatory single factor of the variability of GU morphology; its effect was not significant for the axialization index. Results are presented in Fig. 3 after pooling data from the two years.
The effect of GU position indicated axis dimorphism in these mango cultivars: apical GUs were longer, more leafy, and had a lower axialization index than lateral GUs (Fig. 3) . Stem length was the variable the least affected by GU position. On average, apical GUs were 1 . 31 and 1 . 34 times longer than lateral GUs for 'Kensington Pride' and 'Cogshall', respectively. These differences were not significant for 'Irwin' and 'José'. The GU leaf area was 2 . 54-3 . 47 times larger in apical GUs than in lateral GUs. Leaf dry weight followed the same pattern because of similar values of specific leaf area (leaf area per unit of leaf dry matter) among GU positions and cultivars (data not shown). These pronounced differences in GU leaf area between apical and lateral GUs were the consequence of not only a larger number of leaves per GU (1 . 49-1 . 99 times larger among cultivars), but also of a larger individual leaf area (1 . 46-1 . 78 times larger among cultivars). Since the range of leaf area was larger than that of stem length, the axialization index of apical GUs was 0 . 31-0 . 41 times that of lateral GUs. Although the objective of this study was not to compare the morphological attributes of the cultivars, it is interesting to note that the vigorous cultivar 'Kensington Pride' (Knight, 1997) had the longest and most leafy GUs, with the largest individual leaves (Fig. 3) . The year effect expressed an increase in GU morphological attributes between 2004 and 2006.
The significant interactions between factors were related to different patterns of change of the variables with respect to these factors. They were more significant for variables related to leaves than for stem length and axialization index, in particular for interactions involving GU position. This indicated that the effect of GU position differed among cultivars (Fig. 3) and years. For example, the GU position has the lowest effect on morphological attributes of 'Irwin' GUs, and variables related to leaves increased more for apical GUs than for lateral GUs between 2004 and 2006 (data not shown).
Effect of GU position on branching, flowering and fruiting
As a general rule, apical GUs grew and branched more (Table 2) , and flowered and fruited more (Table 3) than lateral GUs, indicating contrasting functioning between the two GU types. For branching, results from 2005 are presented in Table 2 ; similar results and trends were observed in 2004 (data not shown).
The occurrence of vegetative growth, P vg , decreased from the lower to the higher initial growth levels, justifying a posteriori the analysis of this variable for each growth level ( Table 2 , statistical tests not shown). This pattern was regular for 'Irwin' and 'Kensington Pride' for both years, but fluctuated somewhat for 'Cogshall' and 'José'. In general, apical GUs had a significantly higher P vg than lateral GUs, regardless of the growth level and the year. Some differences were not significant, but this hierarchy was respected in most of the cases. For a given cultivar and growth level, P vg varied with year.
The branching density, D br , also varied among growth levels and with the presence/absence of an apical GU, justifying (Table 2 , statistical tests not shown). As a general rule, apical GUs had a higher branching density than lateral GUs. Across all cultivars, growth levels and years, they significantly produced 0 . 73-1 . 87 more GUs than lateral GUs with apical dominance, and 0 . 67-2 . 57 more GUs otherwise. Apex growth did not strongly repress the simultaneous growth of lateral meristems, indicating a rather mild apical dominance. However, cultivars differed in their sensitivity to apical dominance, e.g. the relative increase of D br in the absence of apical dominance was larger for 'Irwin' and 'Kensington Pride' than for 'Cogshall' and 'José' (statistical tests not shown). D br without apical dominance was calculated for the initial growth level 0 only, where apical flowering on some GUs prevented the development of new apical GUs.
The occurrence of flowering, P flo , was significantly higher for apical than for lateral GUs in five out of eight cultivar Â year combinations, and was not significant in three out of eight combinations (Table 3) .
The occurrence of fruiting, P fru , was significantly higher for apical than for lateral GUs in seven out of eight cultivar Â year combinations; it was not significantly higher for 'Cogshall' in 2005 (Table 3 ). These results suggested that the GU position had a greater effect on fruiting than on flowering. This was also supported by the higher mean ratio of apical value to lateral value for P fru than for P flo for each cultivar Â year combination (mean + s.e.: 1 . 79 + 0 . 17 for P fru vs. 1 . 17 + 0 . 06 for P flo ; P , 0 . 01).
Effect of GU position and diameter on flowering and fruiting
The relationships between GU diameter and flowering rate for apical and lateral GUs were quadratic but differed in their patterns (Fig. 4A) . The maximum flowering rates of each curve were significantly different (0 . 89 and 0 . 75 for apical and lateral GUs, respectively; P , 0 . 001), and the position of the maximum also differed (6 . 8 mm and 4 . 5 mm for apical and lateral GUs, respectively, P , 0 . 001). Beyond the maximum value, the flowering rate decreased as the GU diameter increased. This decrease was sharper and affected GUs with a smaller diameter for lateral than for apical GUs. The curve fitted for apical GUs was always above the curve fitted for lateral GUs, indicating that for a given GU diameter, apical GUs were more likely to flower than lateral GUs over the range of GU diameters in our dataset. This was especially true for GU diameters greater than approx. 5 mm.
The fruiting rate was linearly related to the GU diameter, independently of the GU position (Fig. 4B) . In the embedded linear models tested (different slopes and intercepts, common slope and different intercepts, common slope and intercept), the GU diameter effect was always significant (P , 0 . 01), whereas the GU position effect and the interaction were not significant. The simpler model with a common slope and intercept was therefore retained (F-test comparison with the different slopes and intercepts model: P ¼ 0 . 86). The mean fruiting rate was significantly higher for apical than for lateral GUs (0 . 41 and 0 . 30, respectively; P , 0 . 01), in accordance with the results obtained in the second study (Table 3) . Since the two types of GUs shared the same relationship between GU diameter and fruiting rate, this was related to the larger mean diameter of apical GUs (6 . 2 mm and 4 . 5 mm for apical and lateral GUs, respectively; P , 0 . 001).
The mean number of fruit per fruiting GU was variable, between 1 . 0 and 2 . 2, with a mean value (+ s.e.) of 1 . 48 + 0 . 05 (Fig. 4C) . It was, however, independent of the GU position and diameter (P ¼ 0 . 99 for position effect, P ¼ 0 . 89 for diameter effect, P ¼ 0 . 89 for position Â diameter interaction in the linear model with different slopes and intercepts).
DISCUSSION
Morphological variability between apical and lateral growth units
The results revealed GU dimorphism in the four mango cultivars studied in relation to the relative position, apical or lateral, of the GU. Growth unit dimorphism was more conspicuous for leaf characteristics than for stem length. As a consequence, the axialization index was lower on apical GUs (Fig. 3) , indicating a higher linear density of leaf dry weight on these GUs. The four cultivars exhibited the same pattern of differences between apical and lateral GUs, but with a cultivar effect on GU morphology and on dimorphism intensity (interaction between GU position and cultivar; Table 1 ). Because of GU secondary growth in diameter for branches composed of several growth levels, stem diameter was not considered as a pertinent morphological variable. On these four cultivars, the total leaf area and dry weight of a branch are allometrically related to the branch basal cross-sectional area or to the basal diameter (Normand et al., 2008) . This was true in particular for branches composed of a single GU, i.e. before secondary growth. This suggests that apical GUs have a larger initial basal diameter (before secondary growth) than lateral GUs, in relation to their larger leaf area. This was supported for 'Cogshall' by the results of the third study on terminal GUs (Fig. 4) . Consequently, the stem of apical GUs was longer, at least for 'Cogshall' and 'Kensington Pride', and thicker than the stem of lateral GUs, indicating a larger GU volume.
The year effect could reflect ontogenetic development of the tree and environmental influences. The weather -mean temperature, rainfall (Fig. 1) and global solar radiation (data not shown) -was relatively similar during the 2004 and the 2006 growing seasons. The larger GU morphological attributes during the 2006 growing season than during the 2004 one suggested that these young trees (3-5-years old) were still in a phase of vegetative development of the canopy, and that tree ageing had not yet occurred.
Effect of growth unit position on branching
Besides their morphological differences, the two types of GUs behaved differently with respect to branching. The occurrence of vegetative growth, P vg , and branching density, D br , were both affected by GU position, independently of the growth level (Table 2) . Apical GUs tended to branch more than lateral GUs. Significant differences were more numerous in 2005 than in 2004, suggesting a year effect, which was probably a combination of climate (there was more rainfall during the 2005 growing season than the 2004 one: 901 vs. 665 mm from August 1 to May 31, respectively; Fig. 1 ) and of fruit load (heavier in the 2005 growing season for the four cultivars). Differences between the two years were nevertheless difficult to explain with our data alone. The differences were more consistently significant for 'Cogshall' for the two years, suggesting a cultivar effect.
The occurrence of vegetative growth tended to decrease with increasing growth level. P vg variability across years suggested that factors other than GU position and growth level affected this parameter. For the initial growth level 0 (i.e. GUs of the previous growing season), the occurrence of flowering and fruiting on some GUs at the beginning of the growing season might have affected their subsequent growth. For the initial growth levels 1, 2 and 3, P vg variability could have been linked to the fact that P vg was probably more closely related to the date of appearance of each GU than to the growth level itself. Growth units that appeared early in the growing season were more likely to grow during the same season than late GUs. The initial growth levels 2 and 3 were mainly composed of GUs that appeared late in the growing season, and consequently had lower P vg as growth level increased. In contrast, the initial growth level 1 was a mixture of GUs that appeared early and late (and which did not grow further) in the growing season. P vg then depended on the balance between early and late GUs. Although the effect of GU position was demonstrated with our data, further studies are required to investigate the effect of other factors on branching.
At the GU level, apical dominance appeared mild and cultivar-dependent in mango. Differences in branching density between apical and lateral GUs could be viewed as an example of apical control at the branch level (Cline, 1997) , where branching of an apical GU has a depressive effect on branching of the lateral GUs of the same growth level (Fig. 2) . As for flowering and fruiting, it would be interesting to investigate the relationship between GU diameter, GU position and branching, in particular to clarify if there is a functional differentiation of apical and lateral GUs for this process.
Relationships between growth unit position, morphology, and flowering and fruiting Flowering and fruiting rates were both affected by GU position, and they were higher for apical than for lateral GUs. In general, short axes bear flowers and fruit, and long axes are more vegetative (Bell, 1991) ; this phenomenon is well known in apple (Wünsche et al., 1996; Lauri and Kelner, 2001; Webster, 2005) and in cherry (Lauri, 1992; Thompson, 1996) . In contrast, if we consider mango apical GUs as long GUs, and lateral GUs as short GUs, our results showed that the long GUs had the higher capacity to flower and especially to fruit. In that case, could apical (long) GUs and lateral (short) GUs of mango be related to exploration and exploitation structures, respectively (Bell, 1991) ? The answer is probably no; first, because of their reproductive behaviour and, second, because of the small differences in stem length between apical and lateral GUs of mango (Fig. 3) compared to the large differences generally observed between long and short axes. This indicated a lack of functional differentiation between apical and lateral GUs with respect to exploration and exploitation. From an evolutionary point of view, the longer stem of the most floriferous apical GUs might be an adaptive advantage since it can improve the floral display of mango apical inflorescences.
On the other hand, the lower axialization index of apical GUs in mango was linked to a higher occurrence of flowering (Fig. 3, Table 3 ), consistent with similar results in temperate and tropical species (Lauri and Térouanne, 1991; Lauri, 1992; Lauri and Kelner, 2001) . In mango, a negative relationship between the axialization index and fruiting was observed. It therefore seems that the predominance of the foliar components over the stem components in mango is related to increased flowering and fruiting as well.
The analysis of architectural development of mango seedlings allowed Goguey (1997) to identify five types of axes in the mango canopy. Among them, the delayed proleptic axes, which appear on trees older than 4 years old, are more floriferous than the others. To link these results to our study is difficult because of methodological differences (climatic conditions, study unit) and differences in plant material (cultivar, young trees and sequential growth in our study); however, it would be interesting to study the within-canopy variability of functional behaviour of apical and lateral GUs in relation to the architectural structures of old mango trees.
Our hypothesis, based on the suggested role of carbohydrate availability for flowering and fruiting in mango (Suryanarayana, 1978; Pandey, 1988; Chacko, 1991; Davenport and Nuñez-Elisea, 1997) , predicted a positive relationship between GU diameter, an estimator of leaf area and stem size (Normand et al., 2008) , and flowering and fruiting: larger leaf area indicates a larger photosynthetic surface, and larger stems represent a larger local storage capacity for carbohydrates and a higher capacity for assimilate transport. The results for the average morphology and the average behaviour of apical and lateral GUs (first and second studies) supported this hypothesis. Results of the third study, at the GU level for the cultivar 'Cogshall', supported this prediction for fruiting but not for flowering (Fig. 4) . The quadratic relationship between GU diameter and flowering showed that there was an optimal diameter corresponding to the maximal flowering rate. Consistent with results from the second study, the optimal diameter and maximum flowering rate were different for apical and lateral GUs. The flowering rate of lateral GUs was more sensitive to GU diameter, as indicated by the sharper curvature of the relationship.
Similar non-linear relationships between shoot morphology and flowering have been observed for several temperate forest tree species: Alnus hirsuta var. sibirica (Hasegawa and Takeda, 2001) , Fraxinus pennsylvanica var. subintegerrima (Remphrey et al., 2002) , Vaccinium hirtum (Kawamura and Takeda, 2006) and apple (Lauri and Trottier, 2004) . Shoot morphology was represented by shoot length in the first three species, and by the number of leaves of the shoot in the latter species. Kawamura and Takeda (2006) proposed a hypothesis for this non-linear pattern based on size-related changes in shoot-level resource availability and costs of flowering on subsequent vegetative growth. The lower degree of flowering on small and, to a lesser extent, on large shoots could then be explained in different ways (Hasegawa and Takeda, 2001; Kawamura and Takeda, 2006) . Within the framework of this hypothesis, small shoots would have a shortage of resources for reproduction and large shoots would have too high a flowering cost in terms of the maximization of their life-time reproductive success. Further studies on the costs of reproduction in mango are needed to determine if this hypothesis is supported by our results.
The linear relationship between fruiting rate and GU diameter, independent of the GU position, indicated that morphological differences between apical and lateral GUs significantly contributed to explaining the differences in fruiting rate. This result was in accordance with the hypothesis that carbohydrates play a major role in mango fruiting (Davenport and Nuñez-Elisea, 1997) . However, differences in GU diameter can also positively affect stem hydraulic characteristics (Tyree and Zimmermann, 2002) , and consequently fruit set and retention. Further analyses would be necessary to clarify the role of GU size on GU photosynthesis, carbohydrate content and hydraulic characteristics in relation to fruiting. In addition to this initial hypothesis, another one related to allometry could be proposed. Corner's rule on axis conformity (Corner, 1949; Hallé et al., 1978) states that 'the stouter, or more massive the axis in a given species, the larger and more complicated its appendages' (leaves, inflorescences, fruit). In particular, the relationship between stem diameter and inflorescence size have been verified with different Leucadendron species (Midgley and Bond, 1989) . Normand et al. (2008) showed that the relationship between stem size and leaf size remained valid at the cultivar level in mango. Assuming that Corner's rule in relation to reproductive organs remains valid at the cultivar level, then GUs with larger diameters would have a larger inflorescence (our unpublished experimental results support this hypothesis), i.e. an inflorescence with more flowers and a longer display for pollinators. Consequently, their fruiting rate would be improved, which was consistent with our results. The variability around the fitted line (Fig. 4B) suggested, however, that factors other than GU diameter affected fruiting.
In contrast to previous research that has focused mainly on the relationship between shoot morphology and flowering (Remphrey et al., 2002; Kawamura and Takeda, 2006) , we simultaneously investigated the relationships between shoot morphology and flowering and fruiting. The contrasting relationships between GU diameter on the one hand, and flowering and fruiting on the other, showed that if vegetative features were clearly involved in the determinism of flowering and fruiting, the underlying rules were not the same. Fruiting was linearly size-related to the GU, whereas flowering was not, which could explain the greater impact of GU diameter on fruiting than on flowering observed in the second study. With reference to the assumptions supporting our general hypothesis, this suggested that apical and lateral GUs were functionally differentiated for flowering, but not for fruiting. The mango tree has high direct costs of reproduction because of large and heavy fruit (Hasegawa and Takeda, 2001) . The linear, non-limiting, positive relationship between GU diameter and fruiting could be detrimental to tree development and survival because of excessive carbohydrate reserve exhaustion, for example if growing conditions favoured large GUs. In this context, the quadratic relationship between GU diameter and flowering appeared as a means for the tree to limit, at an earlier phenological stage, direct reproduction costs by limiting the occurrence of flowering on large GUs.
Factors associated with GU architectural position were clearly involved in mango flowering. Two related questions could therefore be raised. What are these factors? And why do the thickest GUs have a lower flowering rate? Specific studies, for example on the costs of reproduction (Kawamura and Takeda, 2006) , are necessary to investigate these questions. However, one factor could be eliminated from the potential candidates: the florigenic promoter. It has been hypothesized that the vegetative or reproductive fate of buds in mango involves the interaction of a florigenic promoter and a vegetative promoter (Reece et al., 1949; Kulkarni, 1986 Kulkarni, , 1988 Davenport and Nuñez-Elisea, 1997; Davenport et al., 2006; Wilkie et al., 2008) . The florigenic promoter is synthesized in leaves in the presence of light and cool temperatures, and moves through the phloem to buds where it contributes to floral induction. A larger leaf area in apical GUs might suggest that a larger amount of florigenic promoter is synthesized, consequently leading to a higher flowering rate. Our results did not support this hypothesis because of the decrease in the flowering rate for larger GU diameters, i.e. larger GU leaf area. This hypothesis is no longer supported by recent results that show that only one quarter of a leaf is sufficient to synthesize florigenic promoter and induce flowering on a terminal GU, and that the florigenic promoter can be translocated as far as 1 m away from a leaf and induce flowering (Davenport et al., 2006) . Consequently, the amount of florigenic promoter in our non-defoliated apical and lateral GUs was largely sufficient to ensure maximal flowering on both kinds of GUs under our climatic conditions.
Conclusions
A pronounced GU dimorphism in relation to the relative position of the GU was observed in four mango cultivars. Besides morphological differences, apical and lateral GUs of the four cultivars behaved differently with respect to branching, flowering and fruiting. However, exploration and exploitation functions (Bell, 1991) could not be assigned to apical and lateral GUs, respectively. The quadratic relationship between GU diameter and flowering was dependent on the GU position and suggested that factors other than carbohydrates, in relation to the GU relative position, regulated flowering. This relationship, which is cultivar-dependent in apple (Lauri and Trottier, 2004) , should be investigated on different cultivars and might offer new ways to study mango flowering. Fruiting was linearly related to the GU diameter, irrespective of GU position. The results thus suggest a functional differentiation of apical and lateral GUs for flowering, but not for fruiting, in these four mango cultivars. It was also demonstrated that routine and easy-to-score parameters such as leaf area or stem length and diameter were not sufficient to infer the flowering behaviour of a GU. The balance between vegetative branch components, quantified by the axialization index, is likely to play a significant role in reproductive behaviour in mango. These results constitute basic knowledge that can be used to further study functional differentiation of growth units, not only in mango but also on virtually all temperate and tropical fruit species, as well as the trade-offs between reproductive and vegetative functions.
